In the course of investigations on the physiological eŠects of polyunsaturated fatty acids (PUFAs), the oxidation of PUFAs in cell membranes has received considerable attention because of its possible contribution to the potential damage to biological systems. The susceptibility of each PUFA to the oxidation is inversely proportional to the number of bisallylic hydrogens (the degree of unsaturation) in the molecule, 1) therefore, a high content of highly unsaturated fatty acid such as arachidonic acid (20:4n-6; AA) or docosahexaenoic acid (22:6n-3; DHA) in the cell membranes may increase the oxidative stress of biological systems. On the other hand, we have reported that the oxidative stability of PUFAs in an aqueous solution increased with increasing degree of unsaturation.
2) This was quite diŠerent from that in the bulk phase. Furthermore, when the oxidative stability of phoshatidylcholine (PC) from soybean, chicken egg, and salmon egg were compared in micelles, 3) salmon egg PC was oxidatively most stable followed by chicken egg PC and soybean PC, in that order, although the mean number of bisallylic hydrogens in the salmon egg PC was the highest, followed by chicken egg and soybean PCs. On another hand, in the case of liposomes, there has been found little diŠerence in the stability between salmon egg and chicken egg PCs, while the oxidative stability of soybean PC was lower than those of the other two kinds of PCs in the liposomes. 4) These results suggest that the oxidative stability of PC bilayers in liposomes would be in‰uenced by factors other than the number of bisallylic positions (the degree of unsaturation) in the PC molecule.
In this paper, we report the characteristic oxidative stability of PC liposomes prepared from synthesized PCs containing linolenic acid (18:2n-6; LA), AA, and DHA in known positions. Liposomes are vesicles composed of single or multiple phospholipid bilayers that form spontaneously when these lipids are exposed to an aqueous environment. Since the bilayers are similar to the phospholipid domains of cell membranes, this study will provide information for studying the peroxidation of PUFAs such as AA and DHA in biological membranes.
Materials and Methods

Materials
, and 1,2-diAA-PC (diAA) were pur- Oxidation was done by incubation of each PC at 379 C in the dark. The oxidative stability was evaluated by the analysis of the decrease in the oxygen concentration in the headspace gas of the vial by GC.
chased from Avanti Polar-Lipids (Alabaster, AL, USA). Each PC gave only a single spot by thin-layer chromatography 5) and none contained tocopherols 6) or peroxides 7) as observed by high-pressure liquid chromatography. The oxidation inducers, 2,2?-azobis(2-amidino-propane) dihydrochloride (AAPH) and 2,2?-azobis(2,4-dimethyl-valeronitrile) (AMVN), were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Oxidation of PC in bulk phase. PC (1.25× 10 "2 mmol) was put in a 1-ml aluminium sealed vial with a butyl-gum septum (GL Science, Tokyo, Japan) and then incubated at 379 C in the dark. The level of oxygen in the headspace gas of the vial was estimated by a gas chromatography (GC) (Shimadzu GC-14B; Shimadzu Seisakusho, Kyoto, Japan) with a thermal conductivity detector and a stainless steel column (3 m×3.0 mm i.d.) packed with molecular Sieve 5A (GL Science). 8) Oxidation of PC in chloroform solution. PC (0.5 mM) was dissolved in chloroform containing 1.0 mM of AMVN. The substrate solution (4 ml) in a test tube (10 ml, 2.0 cm i.d.) was then incubated at 379 C in the dark. The oxidative stability of PC in the organic solvent was followed by the decrease in the unoxidized PUFA in the PC. A portion of the solution (4 ml) was taken at certain time intervals and concentrated. The resulted PC was transmethylated with 0.5 M CH3ONa in MeOH by heating in a sealed tube at 60-709 C for 30 min under nitrogen. The fatty acid methyl esters were extracted with hexane. The extract was washed with water, dried over anhydrous sodium sulfate, concentrated in vacuo, puriˆed by silicic acid column chromatography, and then put through to GC. GC analysis was done on a Shimadzu GC-14B equipped with a ‰ame-ionization detector and a capillary column [Omegawax 320 (30 m× 0.32 mm i.d.); Supelco, Bellefonte, PA]. The decrease in the unoxidized PUFA of each PC molecule due to oxidation was evaluated from the peak ratio of the PUFA to PA.
Liposome preparation and its oxidation. PC liposomes were prepared from a 1-PA-2-PUFA-PC or a 1:1 mixture of 1,2-diPA-PC+1,2-diPUFA-PC in the following manner. Each PC or PC mixture was dissolved in chloroform, and then the solvent was removed by gently sweeping with nitrogen. A 0.05 M phosphate buŠer (pH 7.4 at 379 C) was added to the driedˆlm of PC. The solution was shaken and sonicated on ice for 5 min with a Soniˆer 250D (Branson, Atsugi, Kanagawa). The oxidation of PC liposomes was started by AAPH. The AAPH was added by dissolving it with phosphate buŠer. Theˆnal concentrations of the PC and AAPH in a reaction solution were 0.5 mM and 3.0 mM, respectively. Oxidation was done in the dark at 379 C.
Oxidation was followed by the analysis of the decrease in oxygen concentration in the solution or in the unoxidized PUFA in the PC molecule during oxidation. For continuously monitoring the oxygen concentration, a model 5300 biological oxygen monitor (Yellow Springs Instrument, Yellow Springs, OH) was used. The reaction vessel was charged with 5 ml of the reaction solution, and the concentration of dissolved oxygen in the solution was measured.
The decrease in PUFA of each PC molecule during oxidation was also monitored by the GC method. After a timed period of incubation, the oxidized PC in liposome solution (25 ml) was extracted with chloroform-methanol (2:1, v W v). The extract was dried over anhydrous sodium sulfate, concentrated in vacuo, and transmethylated with 0.5 M CH3ONa. The decrease in the unoxidized PUFA by oxidation was evaluated by GC analysis of the methyl esters, as described above. 
Results and Discussion
When three kinds of 1-PA-2-PUFA-PC, that is PA-LA, PA-AA, and PA-DHA, were oxidized in bulk phase (Fig. 1) , PA-LA was oxidatively the most stable, followed by PA-AA and PA-DHA, in that order. The stability of a 1:1 mixture of diPA+diLA was also higher than that of diPA+diAA in bulk phase (Fig. 1) . When the oxidative stability of PA-LA or PA-AA was compared with that of diPA+ diLA or diPA+diAA, respectively, 1-PA-2-PUFA-PC showed much higher stability than the 1:1 Each PC (0.5 mM) in chloroform was incubated at 379 C in the dark under AMVN (1.0 mM) as an oxidation inducer. The oxidative stability was evaluated by the analysis of the decrease in the unoxidized PUFA in each PC molecule. 
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Oxidation of PC Liposomes mixture of diPA-PC+diPUFA-PC in both cases (Fig. 1) , although the degree of unsaturation of each 1-PA-2-PUFA-PC was the same as that of the corresponding mixture of diPA-PC+diPUFA-PC.
The same tendency was observed in the PC oxidation in chloroform (Fig. 2) . Figure 2 clearly shows that the oxidative stability of 1-PA-2-PUFA-PC was higher than that of the corresponding diPAPC+diPUFA-PC mixture. The comparison of the stabilities of three kinds of 1-PA-2-PUFA-PC or two kinds of diPA-PC+diPUFA-PC also showed that the oxidative stability of these PCs decreased with increasing the degree of unsaturation.
The higher oxidative stability of 1-PA-2-PUFA-PC than that of correspounding mixture of diPAPC+diPUFA-PC was also found in the oxidation of PC in liposomes (Fig. 3) . However, the eŠect of the degree of unsaturation on the oxidative stability of PC in liposomes (Fig. 3) was diŠerent from that in bulk (Fig. 1 ) or in chloroform solution (Fig. 2) . As shown in Fig. 3(A) , PA-DHA and PA-LA were more oxidatively stable than PA-AA in liposomes, but the diŠerence in the oxidative stability was comparatively small. Furthermore, the stability of diPA+diLA in liposomes was almost the same as that of diPA+diAA.
When the oxidative stability of PC in liposomes was evaluated by using the GC method (Fig. 3(B) ), PA-DHA was oxidatively more stable than PA-AA or PA-LA, and little diŠerence in the stability was found between PA-AA and PA-LA. In Fig. 3(A) , there was little diŠerence in the oxidative stability of diPA+diAA and diPA+diLA, but, GC analysis of the decrease in unoxidized PUFA showed that diPA+diAA was more stable than diPA+diLA (Fig. 3(B) ). Oxidation of PUFA containing more than three double bonds such as AA and DHA produces a signiˆcant amount of hydroperoxy epidioxides as a primary and main oxidation product other than mono-hydroperoxides. 9) A hydroperoxy epidioxide was formed from a mono-hydroperoxide by the addition of one molecule of oxygen to the mono-hydroperoxide molecule, therefore, when one molecule of unoxidized AA or DHA was loosed to form a hydroperoxy epidioxide, two molecules of oxygen were consumed. The diŠerence in the oxidative stability of PC in liposomes between two kinds of analytical method, namely, evaluation of increase in oxygen consumption and of decrease in unoxidized substrate, would be due to the formation of hydroperoxy epidioxides in the oxidation of PC containing AA and DHA.
It is generally accepted that the oxidative stability of PUFA decreases with increasing degrees of unsaturation, however, as shown in Fig. 3 , such a relationship was not found in PC containing DHA, AA, or LA in liposomes. On the other hand, the stability of 1-PA-2-PUFA-PC was higher than that of the corresponding PC mixture of 1,2-diPA-PC+1,2-diPUFA-PC in liposomes. These results suggest that the degree of unsaturation was not the main factor aŠecting the oxidative stability of PC in liposomes.
When oil droplets are dispersed in an aqueous solution, the surface area of the droplets increases with decreasing the droplet size at the same oil concentration. The chance of an attack of an oxidation inducer such as AAPH on the interface of the oil droplet increases with increasing the surface area, therefore, the smaller droplet size reduces the oxidative stability. However, as shown in Table 1 , the sizes of 1-PA-2-PUFA-PC were smaller than those of 1,2-diPA-PC+1,2-diPUFA-PC, although 1-PA-2-PUFA-PC was oxidatively more stable than that of the corresponding mixture of 1,2-diPA-PC+1,2-diPUFA-PC in liposomes (Fig. 3) . Liposomes are hollow vesicles composed of single or multiple bilayers and the surface area may not be correlated with the size of liposomes but with the packing degree of the PC bilayers.
It is expected that the oxidative stability of each PC in liposomes is aŠected by the conformation of each bilayer. Applegate and Glomset 10) have reported that DHA in the sn-2 position of diacylglycerol containing a saturated acyl chain in the sn-1 position could form a tighter intermolecular packing conformation. Kato et al. 11) have reported that the n-3 double bond of DHA reacted with N-bromosuccinimide to yield the corresponding bromohydrin with 87z selectivity. They demonstrated that this high selectivity is due to the tightly coiled conˆguration of DHA in an aqueous medium. Thus, DHA in liposomes would also adopt a tightly packed conformation. The higher reactivity of DHA derived from the higher degree of unsaturation may compensate for the di‹culty of free radicals and W or oxygen to attack this tighter conformation of DHA in liposomes. The oxidative stability of PC containing AA in liposomes would also be aŠected by the chemical reactivity based on the degree of unsaturation and by the conformation of AA in PC bilayers.
The higher oxidative stability of 1-PA-2-PUFA-PC than that of 1,2-diPA-PC+1,2-diPUFA-PC will also be aŠected by the conformation of each PUFA and the intermolecular conformation of the fatty acyl chain at sn-1 and sn-2 positions in liposomes. Furthermore, the higher stability of 1-PA-2-PUFA-PC may also be explained by the idea that an intramolecular free radical chain reaction between PUFA of esters occurs more rapidly than the intermolecular chain reaction. A 1:1 mixture of 1,2-diPUFA-PC+1,2-diPA-PC was also oxidatively less stable than corresponding 1-PA-2-PUFA-PC in bulk ( Fig. 1) and in an organic solvent (Fig. 2) . The diŠer-ence in the oxidative stability of both types of PC would be due to the diŠerent rate of hydrogen abstraction by free radicals from intermolecular and intramolecular acyl groups not to the PC conformation, because PC takes no packed conformation in bulk or in organic solvent systems.
In the propagation stage of autoxidation, fatty alkyl radicals react with molecular oxygen to form peroxy radicals. The peroxy radical abstracts a hydrogen atom from another unsaturated fatty compound to form a hydroperoxide and an alkyl radical. The latter reacts with molecular oxygen in a repetition of theˆrst propagation reaction. The initially formed hydroperoxide may decompose subsequently to yield free radicals such as alkoxy and hydroxy radicals. These radicals serve as initiators for these reactions. We predict that the intramolecular hydrogen abstraction from an unsaturated acyl group by a free radical of another acyl group in the same ester molecule occurs more rapidly than the intermolecular hydrogen abstraction, because acyl groups bonded to the same ester molecule are nearer to one another. A similar eŠect of the esteriˆed position of PUFA was observed in the oxidation of triacylglycerols. 12) When the oxidative stability of a 1:2 (mol W mol) mixture of trieicosapentanoylglycerol (EEE) and tripalmitoylglycerol (PPP) was compared with that of synthetic 1,2(or 2,3)-dipalmitoyl-3(or 1) eicosapentaenoylglycerol (PPE), PPE was much more oxidatively stable than PPP+EEE.
PC liposomes are often used as models of biological membranes. This study strongly suggests that the oxidative stability of PUFA in biological systems would be diŠerent in bulk phase or in an organic solvent. Kubo et al. 13) reported that DHA ingestion did not increase lipid peroxides to the level expected from the peroxidizability index of the tissue total lipids. Especially, in the brain and testis, lipid peroxide levels decreased when DHA was given to the animals. Ando et al. 14) also examined the eŠects ofˆsh oil on lipid peroxidation of rat organs and found that levels of phospholipid hydroperoxides and thiobarbituric acid-reactive substances in rat organs fed on aˆsh oil diet were similar to those of the saOEower oil diet group. The results of this study will give useful information for the explanation of these in vivo results, though our experimental conditions are just model systems.
Liposomes are easily made, highly versatile in their carrier properties, and show great promise as biocompatible systems for delivering and stabilizing drugs and a variety of food nutrients in their internal aqueous space or their lipid layer. 15, 16) The phys-icochemical properties of liposomes are greatly aŠected by their fatty acid composition, especially the contents of PUFAs. It is known that the ‰uidity of liposomes increased with increasing contents of highly unsaturated fatty acids such as AA and DHA, showing the advantage of PC containing AA or DHA for its use in drug delivery systems. On the other hand, due to its higher susceptibility to oxidation, the presence of AA or DHA in PC has limited its applications. However, this study showed that the oxidative stability of PCs containg LA, AA, and DHA was almost the same, when they are dispersed in an aqueous solution as a multilamellar vesicle. This result may also be usefull for the use of PC liposomes containing AA or DHA.
